Najt CP, Senthivinayagam S, Aljazi MB, Fader KA, Olenic SD, Brock JR, Lydic TA, Jones AD, Atshaves BP. Liver-specific loss of Perilipin 2 alleviates diet-induced hepatic steatosis, inflammation, and fibrosis.
IN PARALLEL TO OBESITY TRENDS, nonalcoholic fatty liver disease (NAFLD) is on the rise, with one person in three potentially affected in the United States. NAFLD covers a spectrum of conditions, including benign steatosis in which excess triglycerides are stored in hepatic lipid droplets, to the more serious nonalcoholic steatohepatitis (NASH), fibrosis, and cirrhosis. Approximately 35% of individuals who have hepatic steatosis will progress to NASH (2, 29, 54 ), yet factors driving the process forward remain unclear. A "two-hit" model by Day and James (4, 19) proposes that a first hit of excess hepatic lipids leaves the liver more vulnerable to multiple second hits of oxidative stress, mitochondrial dysfunction, and lipid peroxidation that increase production of proinflammatory cytokines, influx of inflammatory cells, and collagen deposition leading to fibrosis, hallmarks of the NASH phenotype (20, 52, 69) . However, although numerous studies have defined the molecular and physiological changes that occur in the progression of NASH, it remains unclear what role hepatic lipid droplets and associated proteins play in promoting the disease process. Notably, several proinflammatory metabolites and enzymes that initiate inflammation reside on the surface of lipid droplets (1, 51, 66) . More importantly, the most abundant lipid droplet protein in the liver, Perilipin 2 (Plin2), is associated with promoting two key features of NASH, i.e., lipid accumulation and inflammation (17, 18, 23, 25, 38, 48) , yet the role of Plin2 in the progression of NASH remains unclear.
Plin2 is part of the perilipin family of proteins that are closely related through sequence homology and affinity for lipid droplets. Members include Plin1 (formerly known as perilipin), Plin2 (ADRP, adipophilin), Plin3 (TIP-47), Plin4 (S3-12), and Plin5 (OXPAT) (28) . Plin1 and Plin2 are constitutively located on the lipid droplet surface, whereas Plin3, Plin4, and Plin5 can be found in both cytosolic and lipid droplet compartments (12, 43, 67, 68) . Plin1 is the most widely studied lipid droplet protein, but hepatic expression is low. When NASH is present, however, both Plin1 and Plin2 are upregulated and differentially targeted; Plin1 was found on larger lipid droplets in the liver, whereas Plin2 targeted inflamed ballooned hepatocytes (23) . This alternate targeting is significant because Plin1 acts to repress lipolysis by inhibiting the lipolytic activities of hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) (13, 62) . In contrast, Plin2 has no lipolytic function but can block access of lipases to lipid droplets to limit triglyceride hydrolysis (9, 41) . In addition, Plin2 binds and sequesters lipids at the lipid droplet surface (49, 53) and enhances lipid transport (26) , suggesting it may act as a regulatory protein, governing the release and deposition of lipids, including eicosanoids that are stored in lipid droplets (1, 10, 65, 66) . Consistent with this, Plin2 has been shown to preferentially bind proinflammatory lipids (53) and significantly increase neutral lipid and phospholipid levels when overexpressed in L cells (48) . Moreover, knockdown of Plin2 in THP-1 macrophages resulted in decreased cellular lipids and lipid droplet size and number and decreased expression of proinflammatory markers TNF-␣, IL-6, and cyclooxygenase 2 (COX2) when inflammation was induced by LPS (17) . Conversely, Plin2 overexpression in LPS-stimulated C2C12 cells resulted in increased expression of IL-1␤ and caspase-1 (18) . In mice, global ablation of Plin2 decreased hepatic triglyceride levels and protected against diet-induced obesity, adipose inflammation, and liver steatosis (14 -16, 32, 50, 55) , whereas reduction of Plin2 by antisense oligonucleotide treatment resulted in decreased hepatic lipid accumulation and enhanced insulin sensitivity (32, 63) . However, although these data support a role for Plin2 in promoting hepatic steatosis, relatively little is known whether the protein contributes to the pathogenesis of inflammation-related NASH.
To investigate this further, we challenged Plin2 liver-specific knockout (L-KO) mice with a methionine and cholinedeficient (MCD) diet to produce the NASH phenotype of increased hepatic lipid accumulation, inflammation, and fibrosis. A tissue-specific conditional KO model was employed to bypass the limitations of traditional constitutive KO models in terms of compensatory mechanisms and complex phenotypes. Our results suggest that hepatic ablation of Plin2 activates a mechanism that involves phospholipid remodeling enzymes, proinflammatory proteins, and endoplasmic reticulum (ER) stress markers. Taken together, the data herein provide novel insights into the physiological role of Plin2 and suggest that Plin2 plays an important role in hepatic function.
MATERIALS AND METHODS
Mice. Plin2 liver-specific KO mice were created using a LoxP-Cre approach (36) Dietary experiments. One week before the start of the feeding experiments, age-matched WT and L-KO male mice (7-8 wk old) were placed on a control diet containing 10% fat (no. A02082003B; Research Diets, New Brunswick, NJ). After 1 wk, half of the mice in each group remained on the control diet, whereas the rest were switched to an isocaloric MCD diet, chemically defined to match the control diet (no. A02082002B; Research Diets). Mice were fed ad libitum for 15 days. Body weights and food intake of each mouse were monitored every 2 days. At the beginning and the end of the feeding study, the percentage of fat tissue mass and lean tissue mass of each mouse were determined in vivo using a TD-NMR-based Bruker Minispec LF50 body composition analyzer (Billerica, MA). At the end of the study, nonfasted mice were euthanized by CO 2 asphyxiation and cervical dislocation. In keeping with other work (8, 35) and because of the severe weight loss the mice experienced on the MCD diet, we did not fast the mice at the end of the feeding study. Blood was collected, and livers were harvested and weighed. Portions of the liver were collected for histological examination. Remaining portions were snap frozen on dry ice and stored at Ϫ80°C.
Liver histology. Liver samples (25- Lipid analysis. Lipids were extracted from mouse liver homogenates and resolved into individual lipid classes using thin-layer chromatography (TLC) as described previously (5, 6) . Levels of total cholesterol, free fatty acids, triacylglycerol, cholesteryl esters, and total phospholipids were determined by TLC and densitometry following the method of Marzo (47) . Protein concentration from the dried protein extract residue was digested overnight in 0.2 M KOH and analyzed using Bradford reagent (11) . All lipid classes were identified by comparison to known TLC standards.
Mass spectrometry-based lipid analysis. Before we performed high-resolution/accurate mass spectrometry (MS) and tandem MS, liver homogenates, spiked with synthetic phosphatidylcholine (PC) (14:0/14:0), phosphatidylethanolamine (PE) (14:0/14:0), and phosphatidylserine (PS) (14:0/14:0) as internal standards were subjected to monophasic lipid extraction with methanol:chloroform:water (2:1: 0.74, vol:vol:vol) and amine group modification, as previously described (22, 44) . Briefly, extracts (10 l) were aspirated and directly infused at ϳ250 nl/min by nanoelectrospray ionization (nESI) into a high-resolution/accurate mass Thermo Scientific model LTQ Orbitrap Velos mass spectrometer (San Jose, CA) using an Advion Triversa Nanomate nESI source (Advion, Ithaca, NY) with a spray voltage of 1.4 kV and a gas pressure of 0.3 psi. High-resolution mass spectra were acquired in positive-ion mode from derivatized lipid extracts and in negative-ion mode from underivatized lipid extracts, using the FT analyzer operating at 100,000 mass-resolving power. The mass spectrum signal was averaged for 2 min over the range of m/z 200-2,000. High-energy collision dissociation (HCD)-MS/MS product ion spectra were acquired to verify the identities of selected lipid ions of interest using the FT analyzer operating at 100,000 mass-resolving power and default activation times. HCD-MS/MS collision energies were individually optimized for each lipid class of interest using commercially available lipid standards whenever possible. Lipids were identified using the Lipid Mass Spectrum Analysis (LIMSA) v.1.0 software linear fit algorithm, in conjunction with a user-defined database of hypothetical lipid compounds for automated peak finding and correction of 13 C isotope effects. Relative quantification of the abundances of lipid molecular species between samples was performed by normalization of target lipid ion peak areas to the internal standards, as previously described (21) . Data were processed using mean-centering and Pareto-scaling before multivariate statistical anal- ysis. The principal component analysis was performed using EZinfo software (Umetrics). Partial least-squares-discriminant analysis was carried out (EZ Info, Umetrics) to identify the differentially expressed phospholipids responsible for the separation of WT, L-KO, MCD diet-fed WT, and MCD diet-fed L-KO. The heat map was generated using Cluster 2.0 from the Eisen Laboratory modified by Michiel de Hoon (http://bonsai.hgc.jp/ϳmdehoon/software/cluster/). Java Tree Viewer was used to view and color the heat map.
Serum lipids, lipoproteins, and lipolysis. Total and free cholesterol, triacylglycerol, and nonesterified fatty acid levels in serum from nonfasted mice were determined using Wako Chemicals lipid assay systems (Wako Diagnostics, Richmond, VA). Levels of cholesteryl esters were determined by subtracting free cholesterol from total. Concentrations of cholesterol in high-density lipoprotein (HDL) and low-density (LDL)/very-low-density (VLDL) lipoproteins were quantified using a polyethylene glycol precipitation using the EnzyChrom HDL and LDL/VLDL kit from BioAssay Systems (Hayward, CA). To measure lipolysis in hepatic tissue, glycerol release was quantified using EnzyChrom Adipolysis Assay kit, from BioAssay Systems. Colorimetric analysis of lipids, lipoprotein, and lipolysis was measured at 570 nm on an Omega FLOUstar 96-well plate reader from BMG Labtech (Ortenberg, Germany).
Serum ␤-hydroxybutyrate measurement. To measure acetyl CoA production from fatty acid oxidation, serum levels of the ketone body ␤-hydroxybutyrate were determined using the Wako Chemicals ␤-hydroxybutyrate kit (Wako Diagnostics). Levels were measured with high sensitivity and specificity according to the manufacturer's directions by measuring the rate of Thio-NADH (␤-thionicotinamide adenine dinucleotide) production spectrophotometrically at 405 nm upon oxidation of ␤-hydroxybutyrate.
Western blot analysis. Expression levels of Plin1, Plin2, Plin3, and Plin5, and phospholipase A2 (PLA 2) were assessed by Western blot analysis, as previously described previously (6, 48) . Rabbit polyclonal antibodies were purchased from the following sources: anti-Plin1, anti-Plin3, and anti-Plin5 from Thermo Scientific (Rockland, IL) and anti-PLA 2 from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal antibodies against Plin2 were developed in house (48) . Western blot analysis was performed on tissue [liver, white adipose tissue (WAT), heart, kidney, and brain] homogenates (20 -40 g) resolved on tricine gels (10%). Proteins were transferred to nitrocellulose membranes, and blots were stained with Ponceau S to confirm protein transfer and constant protein loading (60) before being blocked in 7% nonfat milk in TBST (10 mM Tris·HCl, pH 8, 100 mM NaCl, 0.05% Tween-20) overnight. Blots were incubated with specific polyclonal rabbit antibodies and were developed with IRDye 800CW anti-mouse (LI-COR) secondary antibodies. Blots were scanned using the LI-COR Odyssey imaging system (Lincoln, NE) to visualize the bands of interest. Protein bands were quantitated by densitometric analysis after image acquisition using NIH Scion Image to obtain relative protein levels expressed as integrated density values normalized to GAPDH expression.
Quantitative real-time PCR. Total RNA was isolated from liver using Trizol (Qiagen, Valencia, CA) in accordance with the manufacturer's protocol. Total RNA (1 g) from each liver sample was converted into first-strand cDNA using ABI high-capacity cDNA reverse transcription kit (Grand Island, NY). Expression levels of IL-1␤, IL-6, TNF-␣, cyclooxygenase 2 (COX2), C/EBP homologous protein (CHOP), eukaryotic translation initiation factor 2-␣ kinase 3 (PERK), phosphate cytidyltransferase 1 (CCT), sphingomyelin synthase (SMS), phosphatidylethanolamine N-methyltransferase
, microsomal triacylglycerol transfer protein (MTTP), HSL, and ATGL were analyzed by SYBR Green Technologies using commercially available primers from IDT (Coralville, IA) on a StepOne plus Real-Time PCR system (Life Technologies, Carlsbad, CA). Relative expression was calculated using the comparative 2 Ϫ⌬⌬CT method (42). Data were expressed as fold difference compared with WT mice on control diet.
Statistical analysis. Values were expressed as the means Ϯ SE. Statistical analyses were performed using two-way ANOVA with Newman Keuls post hoc test (Sigma Plot, San Jose, CA) to determine statistical significance. Values with P Ͻ 0.05 or less were considered significant.
RESULTS
Liver-specific deletion of Plin2. Conditional targeting of the mouse Plin2 gene was achieved as depicted in Fig. 1 . Genotyping was confirmed by PCR to detect the presence or absence of the WT allele (850 bp), FRT site (204 bp), exon 4 (1 Kb), and the Cre gene (233 bp) in Plin2 floxed (Fig. 1B) and L-KO (Fig. 1C) mice. Western blot analysis showed ablation of Plin2 from liver homogenates but not from WAT, heart, brain, or kidney homogenates derived from WT and L-KO mice (Fig.  1D ). For the experiments described, age-matched mice containing the floxed allele were designated as WT because pilot studies indicated neither the presence of the LoxP or FRT site altered Plin2 expression nor phenotype.
Hepatic Plin2 ablation alleviates MCD diet-induced lipid accumulation, inflammation, and fibrosis. To study the role of Plin2 in hepatic function, we challenged Plin2 liver-specific KO mice with a MCD diet to induce a NASH phenotype of increased hepatic lipid accumulation, inflammation, and fibrosis (40, 59). Unlike high-fat or high-fat/high-fructose diets, the MCD diet produces the NASH phenotype of hepatic inflammation and fibrosis in mice rapidly. The MCD diet, however, does not generate the obese, insulin-resistant phenotype associated with the human NASH phenotype. In contrast, high-fat and high-fat/high-fructose diets will give rise to an obese, insulin-resistant state, yet these diets generally do not result in liver fibrosis and only mildly produce steatosis and inflammation (3, 27, 35, 58, 61) . Moreover, lack of methionine-choline in the diet limits PC synthesis and VLDL secretion, resulting in weight loss. To keep the weight loss to Ͻ25% of body weight, the MCD diet was limited to 15 days. Both WT and agematched L-KO mice lost body weight on the MCD diet, but L-KO mice were significantly less responsive, losing 19% less of their body weight ( Fig. 2A, P Ͻ 0.03) . The MCD diet significantly decreased liver weights of WT mice (37%, P Ͻ 0.002), but similarly fed L-KO mice showed little to no change (Fig. 2B) . A substantial loss in percentage of fat tissue mass was observed in both L-KO mice and WT mice on the MCD diet (68% and 85%, respectively), but this effect was significantly reduced 20% in L-KO mice (Fig. 2C) . The percentage of lean tissue mass was not affected by genotype in mice fed the control or MCD diets (Fig. 2D) . Taken together, these findings suggest that the effects of the MCD diet on whole body phenotype are minimized in L-KO mice. We next investigated the effect of hepatic Plin2 deletion and the MCD diet on hepatic lipid accumulation. Liver sections stained with Oil red O showed decreased lipid content in L-KO livers compared with WT controls (Fig. 3A) . Morphometric analysis revealed that lipid droplet size and number were respectively decreased 46% and 40% (Fig. 3B, left and middle) . Consistent with this, lipid analysis revealed that neutral lipid content decreased 47% in L-KO livers (Fig. 3B, right) . The MCD challenge resulted in enhanced Oil red O staining and neutral lipid accumulation in both L-KO and WT livers but significantly less with L-KO samples. H and E staining revealed marked histopathological lesions, including single-cell necrosis, increased vacuolization, and cell body inclusions in MCD WT livers, suggesting increased hepatic steatosis and inflammation (Fig. 3C) . These lesions were not observed in livers from control-fed WT or L-KO mice and were significantly diminished in the livers from MCD diet-fed L-KO mice. Consistent with this, hepatic expression of genes associated with inflammation (IL-1␤, IL-6, TNF-␣, COX2) were increased in livers from WT mice on the MCD diet but decreased in similarly fed L-KO samples (Fig.  3D) . Because steatosis has been identified as a risk factor for liver fibrosis, liver sections were also stained with Masson's Trichrome to visually determine increased collagen levels associated with diet-induced fibrosis (blue coloration, Fig. 3E ). Although no genotype effect was observed in control-fed mice, the MCD diet significantly increased levels of fibrotic staining in WT, but not L-KO, livers near and around the arterial triad. Hepatic expression of CHOP and PERK, two enzymes involved in fibrosis and ER stress (39, 64) , were increased 4.2-and 1.8-fold, respectively, in livers from MCD diet-fed WT mice, a response blunted in L-KO mice in which levels of PERK increased 1.5-fold and CHOP increased 1.6-fold (Fig.  3F) . Plin2 ablation and the MCD diet had little effect on levels of Toll-like receptor 4 (TLR4) (Fig. 4A) , the receptor responsible for activation of PERK under steatotic conditions (39) . However, pro-caspase-1 was decreased in livers from both WT and L-KO mice but less so in L-KO mice. The ratio of caspase-1 to pro-caspase-1 was also determined to assess levels of active caspase-1 (Fig. 4B) . The ratio in WT mice fed the MCD diet was increased sixfold compared with control-fed mice, but L-KO mice showed only a 2.6-fold increase. Taken together, these results suggest that Plin2 ablation may protect against diet-induced ER stress and fibrosis.
Hepatic Plin2 ablation blunts MCD diet effects on lipolysis, lipoprotein, and lipid levels in serum.
Because the MCD diet increases neutral lipid production and inhibits VLDL secretion (24, 40, 45, 46) , we investigated the effects of the diet and hepatic Plin2 deletion on lipolysis and levels of serum lipoproteins and lipids. Lipolysis was not affected by Plin2 hepatic ablation in control-diet-fed mice. However, the MCD diet significantly decreased lipolytic activity in WT mice, a response not observed with similarly fed L-KO mice (Fig. 5A) . Serum levels of ␤-hydroxybutyrate, a product of acetyl CoA produced by ␤-oxidation, were measured to assess fatty acid oxidation in WT and L-KO mice (7). Liver-specific ablation of Plin2 significantly increased ␤-hydroxybutyrate levels 1.4-fold in control-fed mice (Fig. 5B) , indicating increased fatty acid oxidation. In contrast, the MCD diet challenge decreased ␤-hydroxybutyrate levels 3.1-and 2.7-fold, respectively, in WT and L-KO mice, suggesting that the effects of the diet were to limit oxidation. Levels of total serum lipoproteins, HDL, and LDL/VLDL were significantly decreased 26%, 25%, and 34%, respectively, when Plin2 was ablated (Fig. 5C , P Ͻ 0.05). The MCD diet challenge resulted in significantly reduced levels of total serum lipoproteins and HDL in WT and L-KO mice, but levels of LDL/VLDL were restored in L-KO mice. Similar decreases in serum levels of total cholesterol, cholesteryl esters, triglycerides, and free fatty acids in both WT and L-KO mice (Fig. 5D) were observed. Overall, these results suggested that lipolysis and LDL/VLDL production were protected against MCD insult in L-KO mice.
Plin2 liver-specific ablation reduces MCD diet effects on hepatic triglyceride and phospholipid levels. Consistent with results from Oil red O staining (Fig. 3A) , hepatic levels of triglycerides, diglycerides, cholesteryl esters, and free fatty acids were significantly reduced in L-KO mice compared with WT mice (Fig. 5E) . The MCD diet increased hepatic levels of triglycerides in both WT and L-KO mice, but the response was significantly reduced in L-KO mice. In contrast, hepatic levels of total phospholipids were significantly decreased in WT mice on the MCD diet, but this effect was not observed with similarly fed L-KO mice. To investigate this further, a phospholipid lipidomic profile was generated. Liver-specific ablation of Plin2 increased levels of lyso-PC 1.5-fold and decreased ceramide levels 2.1-fold (Fig. 5, F and G) . The MCD diet significantly decreased hepatic levels of PC and PE a respective 1.6-and 1.7-fold in WT, but not L-KO, mice (Fig.  5F ). Similar decreases were observed with lyso-PC and lyso-PE levels. In contrast, ceramide levels were significantly increased in both WT and L-KO mice on the MCD diet ( Fig.  5F , P Ͻ 0.05). In summary, the MCD diet challenge increased hepatic neutral lipid accumulation and decreased PC and PE levels in WT mice. The response of L-KO mice to the diet was less pronounced and, as shown with PC and PE levels, negligible.
NASH signature based on lipidomic data. Despite the lack of methionine-choline in the MCD diet, L-KO mice did not exhibit decreased levels of hepatic PC or other phospholipid classes including PE, Lyso-PE, sphingomyelin (SM), PS, and phosphatidylinositol (PI). To investigate further, a lipidomic profile of individual phospholipid species was generated and subjected to principal component analysis (Fig. 6A) . Lipidomic data were projected onto a plane depicting the two components representing greatest variance in the data set. Changes in the lipidomic profile were also visually observed in a heat map that presented the data in terms of fold change relative to controldiet-fed WT mice (Fig. 6B) . Analysis of individual phospholipid species revealed changes across the classes in C16-and C18 fatty acid-containing phospholipid species, in addition to C20 and C22 species (Fig. 6C) . Specifically, the effect of Plin2 liver-specific ablation on mice fed the control diet was to decrease levels of Cer 22:2 and SM 22:0 while increasing levels of PC 38:3 (18.1/20:2 Lyso-PC 20:4, Lyso-PC 22:6, and Cer 22:0) (Fig. 6C) . On the MCD diet, WT mice exhibited significantly decreased levels of PC 34:3, PC 34:2 (16:1/18:1), Lyso-PC 16:0, Lyso-PC 22:6, PE 36:4 (16:0/20:4), PE 38:4 (18:0/20:4), Lyso-PE 18:2, Lyso-PE 18:1, Lyso-PE 20:4, phosphatidylglycerol 30:3, PI 40:7, PI 36:4, and PS 22:2, reflecting decreased levels of PC, Lyso-PC, PE, and Lyso-PE (Fig. 5F ). Results were mixed with L-KO mice but yielded no net effect.
We next examined the impact of hepatic Plin2 ablation and the MCD diet on levels of phospholipid fatty acid classes including unsaturated fatty acid (UNSAT), saturated fatty acid (SAT), polyunsaturated fatty acid (PUFA), and monounsaturated fatty acid (MUFA). The MCD diet decreased levels of UNSAT, PUFA and MUFA in WT mice 1.7-fold, 1.5-fold, and 3.1-fold, respectively (Fig. 6C, bottom, right) , consistent with previous reports of mice on MCD diets (33, 40) . In L-KO mice, levels of MUFA, but not UNSAT or PUFA, decreased 2.1-fold on the MCD diet. Moreover, SAT levels in both WT and L-KO mice did not change, but the ratio of UNSAT to SAT decreased, reflecting higher SAT levels when mice were fed the MCD diet. These findings are consistent with NASH in humans in whom increased SAT levels in hepatic phospholipid pools is often observed (33) .
Phospholipid remodeling directs hepatic PC biosynthesis in MCD fed L-KO mice.
The MCD diet inhibited hepatic accumulation of PC and PE in WT, but not L-KO, mice. To investigate this further, expression levels of several phospholipid-remodeling enzymes including CCT, SMS, PEMT, and GNMT were determined. Levels of CCT, rate-limiting enzyme converting dietary choline and diglycerides to PC (37, 57), were increased 3.1-fold in L-KO mice, but no further effect was observed when mice were fed the MCD diet (Fig. 7A) . In contrast, PEMT, a transferase that converts PE to PC, was downregulated 8.3-fold in L-KO mice compared with WT controls. The MCD diet increased PEMT expression 10-and 42-fold in WT and L-KO mice, respectively. In addition, expression levels of two enzymes that use a PC substrate, SM synthase, and PLA 2 , were decreased 3.8-and 11.3-fold, respectively, in MCD-fed L-KO mice (Fig. 7, A and B) . Taken together, these results suggest that L-KO mice can increase production and limit catabolism of PC when choline and methionine are deficient through compensatory regulation of phospholipid-remodeling enzymes.
Hepatic Plin2 ablation blunts MCD diet effects on fatty acid and triglyceride metabolism. To better understand the effect of hepatic Plin2 ablation on lipid metabolism, expression levels of genes involved in fatty acid and triglyceride metabolism were examined. ACOX1 and CPT1-␣ were significantly upregulated 2.0-and 2.2-fold, respectively, in control-fed L-KO mice (Fig.  7C) . Likewise, FASN and ACS were significantly upregulated 1.5-and 2.7-fold, respectively. In contrast, SCD1, an enzyme that converts SAT to MUFA (59), was decreased twofold.
However, no genotype effect was observed in mice fed the control diet (Fig. 7D ) with regard to genes involved in triglyceride metabolism including MGAT, DGAT1, DGAT2, MTTP, or ATGL. These findings reflect observations of decreased hepatic lipid levels and decreased lipid droplet number/size in livers of L-KO mice. The MCD diet significantly decreased expression of hepatic genes involved in fatty acid oxidation including FASN (10-fold), SCD1 (14.3-fold), ACC (2-fold), and ACS (2.2-fold) in WT mice. In similarly fed L-KO mice, expression levels of these genes decreased but significantly less so with FASN (4.7-fold) and SCD (8.2-fold) expression. With genes related to triglyceride metabolism, the MCD challenge increased expression of DGAT1 (2.1-fold) and DGAT2 (2.2-fold) while decreasing levels of MGAT (4.5-fold) and MTTP (2.0-fold) in WT mice. Plin2 ablation blunted effects on MGAT, DGAT1, and MTTP in L-KO mice. Taken together, these findings indicate Plin2 ablation diminishes the influence of the MCD diet by alleviating the lipid oxidative and steatotic effects associated with the MCD diet.
Expression levels of Plin2 and other lipid droplet proteins including Plin1, Plin3, and Plin5 were also determined in liver, WAT, brain, and heart (Fig. 8) . There was no genotype effect observed in hepatic expression of Plin1, Plin3, or Plin5 in control-fed mice. In contrast, levels of Plin5 in WAT were significantly decreased 2.5-fold, whereas, in brain, Plin2 was decreased 1.7-fold in L-KO mice compared with WT mice fed the control diet. The MCD diet increased and decreased, respectively, the hepatic expression of Plin1 (1.5-fold) and Plin3 (2-fold) in L-KO mice, whereas similarly fed WT mice exhibited a decrease in hepatic Plin5. In WAT, the MCD diet increased expression of Plin2 in WT animals 6.6-fold, whereas L-KO mice exhibited a respective 2.2-and 2.0-fold increase in Plin3 and Plin5. In brain and heart tissue, Plin2 expression was significantly decreased in WT mice, but no change was observed in L-KO mice. These findings indicate that WAT is most responsive to Plin2 ablation and challenge with the MCD diet.
DISCUSSION
This study resolves a previously unknown role of Plin2 in the progression of NASH using a conditional Plin2 KO mouse model that selectively deletes Plin2 in hepatocytes.
We demonstrate for the first time the physiological importance of hepatic Plin2 on whole body lipid homeostasis and provide compelling evidence that hepatic ablation of Plin2 blunts the effects of diet-induced NASH related to hepatic lipid accumulation, inflammation, and fibrosis.
In terms of development, fertility, viability, and adiposity, hepatic Plin2 ablation had little effect on phenotype. Tissues were of normal size and weight. Analysis of hepatic lipid levels showed that neutral lipids were decreased by several times in L-KO mice, in line with previous studies with Plin2 global KO mice (15, 16, 46, 50) and mice treated with Plin2 antisense oligonucleotides (ASO) (14, 32, 63) . These findings were explained in part by the L-KO mice exhibiting increased hepatic expression of genes involved in fatty acid oxidation, including ACOX1 and CPT1-␣, suggesting that increased oxidation of lipids occurred, especially because little to no change was observed in expression levels of lipogenic enzymes MGAT, DGAT1, and DGAT2. In addition to increased hepatic expression of genes involved in fatty acid oxidation, levels of serum ␤-hydroxybutyrate were increased in L-KO mice, suggesting that fatty acid oxidation was increased in these mice. In support of these findings, recent studies have demonstrated that Hsc-70 targets Plin2 and Plin3 for chaperone-mediated autophagy and degradation, leading to increased lipolysis and fatty acid oxidation of lipids derived from lipid droplets (34) . We also found that hepatic Plin2 ablation had little effect on expression of MTTP, a triglyceride transfer protein involved in the rate-limiting step of VLDL assembly. However, a decrease in total lipoprotein, HDL, and VLDL levels was observed in the serum. This was of interest because findings in literature are mixed with regard to VLDL levels and secretion in Plin2-null models. Global Plin2 KO mice exhibited similar VLDL secretion and lipid uptake/utilization as that of WT mice but showed increased expression of MTTP (15) . In contrast, Plin2 knockdown in mice resulted in decreased hepatic VLDL secretion and production of MTTP (63) . Interestingly, ablation of both Plin2 and GNMT, an enzyme involved in hepatic Sadenosylmethionine (SAMe) degradation, resulted in a mouse model with decreased lipogenesis and increased VLDL secretion (45, 46) . Taken together, these findings demonstrated the differences and similarities between the different Plin2 deletion models and highlighted the importance of examining each mouse in the background of Plin2 deficiency-partial (ASOtreated), global, double (GNMT Ϫ/Ϫ /Plin2 Ϫ/Ϫ ), or liver-specific strains.
To investigate the effect of hepatic Plin2 ablation in the context of NASH, L-KO mice were placed on an MCD diet. MCD increases hepatic steatosis by a mechanism that inhibits VLDL secretion and PC synthesis derived from either the CDP-choline pathway involving the enzyme CCT (Kennedy pathway) (57) or by sequential methylation of PE by PEMT using methionine-derived substrates (SAMe) (30) . We found that the effects of the MCD diet were blunted in L-KO mice. Levels of PC and VLDL were unchanged, and hepatic steatosis was reduced. These results were due, in part, to an increase in remodeling of PE to PC via the enzyme PEMT where a 10-and 42-fold increase in PEMT expression was observed in MCDfed WT and L-KO mice, respectively. The MCD diet did not change levels of CCT in WT or L-KO mice, but expression of enzymes involved in PC catabolism was reduced when Plin2 was ablated, further bolstering PC levels in L-KO mice. These findings were consistent with the increased PE to PC flux observed in the GNMT/Plin2 KO mouse model, giving rise to increased PC-and triglyceride-rich VLDL secreted from the liver that helped alleviate hepatic steatosis (46) . It should be noted that overexpression of Plin2 in mammalian cells increased PC levels via a CCT-mediated mechanism, which did not involve PEMT (48) . In the present study, however, levels of CCT were unchanged in the presence of diet-induced NASH, despite that fact that CCT has been shown to target lipid droplets and to expand the phospholipid monolayer under conditions of lipid excess (37, 56) . On the basis of our findings, we posit that hepatic Plin2 ablation blunts effects from the MCD diet through a mechanism that promotes PC synthesis, not at the lipid droplet surface as directed by the enzyme CCT (37), but by a PEMT-mediated mechanism. This hypothesis is consistent with our findings that hepatic Plin2 ablation alleviates diet-induced steatosis while maintaining PC and VLDL levels. To summarize the observed findings, a diagram illustrating the proposed mechanism is provided in Fig. 9 .
Our investigations also demonstrated that hepatic Plin2 ablation reduced diet-induced inflammation and fibrosis. Signs of histopathological lesions and evidence of collagen were diminished in Plin2-null livers when mice were fed the MCD diet. In addition, expression levels of proinflammatory markers (IL-1␤, TNF-␣, IL-6, and COX2) were significantly decreased, and diet-induced effects on ER stress markers (CHOP and PERK) and proteins induced by CHOP (pro-caspase-1 and caspase-1) were blunted. These findings were consistent with other work showing decreased gene expression and secretion of TNF-␣, IL-6, and MCP-1 when Plin2 was knocked down in THP-1 macrophages (17) . Conversely, increased expression of IL-1␤ and caspase-1 was observed in LPS-stimulated C2C12 cells overexpressing Plin2 (18) . These findings were significant because TLR4 activation of caspase-1 and NLRP3 links ER stress to inflammation and cell death, two cellular responses that ultimately lead to the onset of hepatic fibrosis and cirrhosis (64) . In support of these findings, global ablation of Plin2 was found to protect against adipose inflammation in high-fat diet-fed mice (50) . Plin2 deficiency reduced adipose inflammatory foci and macrophage invasion in visceral adipose; however, no hepatic inflammation or fibrosis was observed in WT or global KO mice, possibly due to the limitations of the high-fat diet. In other work, Plin2 ASO-treated mice fed a high-fat diet exhibited signs of fibrosis and increased expression of type 1␣ collage, but no change in expression of inflammation markers such as TNF-␣ or macrophage infiltration was observed (31) . In all, we demonstrated that, although the MCD diet increased hepatic inflammation and fibrosis in WT mice yielding conditions consistent with a NASH phenotype, hepatic Plin2 ablation alleviated these effects and protected the liver from obvious signs of injury.
In conclusion, our findings present compelling evidence that lack of hepatic Plin2 alleviates lipid accumulation, inflammation, and fibrosis in the liver. Results support a PEMT-medi- Fig. 9 . Schematic diagram illustrating lipid droplet formation, VLDL secretion, and pathways involving hepatic inflammation. For lipid droplet formation, phospholipids and triglycerides synthesized at the endoplasmic reticulum (ER) form naïve lipid droplets. Hepatic ablation of Plin2 decreases lipid droplet size and number. The MCD diet induces lipid accumulation, resulting in increased lipid droplet size, an effect blunted in L-KO mice. For Plin2-null lipid droplets, lack of Plin2 results in formation of smaller lipid droplets and production of MTTP-rich microsomes that are precursors of pre-VLDL and VLDL particles (15, 16) . For VLDL secretion, partially lipidated ApoB100-containing microsomes constitute naive VLDL particles in the ER. MTTP transfers triglycerides and phospholipids to the nascent VLDL to form pre-VLDL that are stabilized by ApoE. The MCD diet inhibited PC synthesis in WT mice, leading to decreased levels of VLDL and increased hepatic steatosis. For lipid droplet expansion, CCT translocates to the lipid droplet surface and begins production of PC to expand the lipid monolayer (37) . The lack of choline in the MCD diet favors PC synthesis via the PEMT pathway over CCT-mediated production. Plin2 may block lipase activity of HSL and ATGL (41) . For hepatic inflammation, NLRP3 inflammasomes mediate caspase-1 activation of proinflammatory cytokine IL-1␤. PERK, an ER stress marker, induces increased expression of CHOP, which then upregulates pro-caspase-1, which is cleaved by NLRP3 (18, 39) to generate the active form, caspase-1. Several proinflammatory markers target lipid droplets including COX2 and prostaglandin E synthase (PGES) ( 17, 18, 23) . L-KO mice fed the MCD diet exhibit decreased expression of CHOP, resulting in decreased activation of caspase-1 and IL-1␤.
